Abstract.-A technique is described for forming molecular hybrids between RNA in solution and the DNA of intact cytological preparations. Cells in a conventional tissue squash are immobilized under a thin layer of agar. Next they are treated with alkali to denature the DNA and then incubated with tritium-labeled RNA. The hybrids are detected by autoradiography. The technique is illustrated by the hybridization of ribosomal RNA to the amplified ribosomal genes in oocytes of the toad Xenopus. A low level of gene amplification was also detected in premeiotic nuclei (oogonia).
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Several techniques are currently used for annealing RNA molecules to their complementary DNA sequences. For certain purposes both the RNA and DNA can be in solution,1' 2 but it is often more convenient to have the DNA immobilized in a solid or semisolid matrix,' 4 or attached to a nitrocellulose membrane filter. 5 The hybrids are generally detected by scintillation counting of radioactive RNA after treatment with ribonuclease to remove unhybridized RNA.
The hybridization of RNA to the DNA in a cytological preparation should exhibit a high degree of spatial localization, since each RNA species hybridizes only with sequences to which it is complementary. The general principles of a cytological hybridization technique are not difficult to lay down. The chromosomes or nucleus should be fixed in as lifelike a fashion as possible; basic proteins should be removed, since they are known to interfere with the hybridization procedure;5 the DNA should be denatured in such a way that cytological integrity is not lost; the hybridization should be carried out with radioactive RNA of very high specific activity, since the number of hybridized molecules at a given locus will be small; and detection should be by tritium autoradiography to permit maximal cytological resolution.
This communication describes a cytological hybridization technique applicable to conventional squash preparations. It is illustrated by the hybridization of rRNA to the extrachromosomal rDNA in oocytes of the toad Xenopus. A preliminary report on the technique was presented in December 1968 at the International Symposium of Nuclear Physiology and Differentiation, Belo Horizonte, Brazil.' Materials and Methods.-The cytological hybridization technique combines certain features of the agar column4 and filter methods.5 It should be generally applicable to any material that can be examined as a squash or smear. The following procedure was used in making the preparation shown in Figure 1 .
(1) Ovaries from recently metamorphosed Xenopus laevis were fixed for a few minutes in ethanol-acetic acid (3: 1).
(2 (B) Two leptotene nuclei with silver grains located over the eccentrically placed nucleolus (arrows). X 1500.
(C) Three unlabeled follicle nuclei and three labeled pachytene nuclei. The pachytene nuclei illustrate the progressive increase in extrachromosomal rDNA that occurs as the nucleus enlarges. The largest pachytene nucleus contains 25-30 pg of rDNA (approximately 3000 nucleolus organizers). The technique is not sensitive enough to demonstrate the small amount of rDNA in the two nucleolus organizers of the diploid follicle nuclei. X 1200. 380 GENETICS: GALL AND PARDUEPO (3) The slide was frozen on dry ice, and the cover slip was removed with a razor blade.'
The slides were transferred to 95% ethanol for a few moments and then dried in air.
(4) The slides were dipped in 0.5% agar held molten at 60'C in a water bath. They were removed and drained vertically at room temperature. In this way a very thin but uniform agar layer covered the slide. The agar was allowed to gel but not to dry completely before the next step.
(5) The slide was placed for 2 mmn in 0.07 N NaGH at room temperature to denature the DNA. It was then transferred to 70 and 95% ethanol for a few minutes each and dried in air. Slides were often stored at this point.
(6) For the hybridization step about 200 ,A of rRNA solution was placed directly onto the slide, and a large cover slip was added. The preparation was incubated at 660C for 12 hr or longer in a moist chamber made from a Petri plate. We used 4-inch plastic plates into which were placed a few sheets of filter paper and enough 6X SSC to moisten thoroughly. The slide was supported above this on two rubber grommets. We used mixed 28S and 18S rRNA at a concentration of 1- Figure 1 (B and C) shows several stages in the formation of the nuclear cap from leptotene to late pachytene. In each case the label follows the distribution of the extra DNA, the chromosomes being without detectable radioactivity. The nuclei of follicle cells, connective tissue, and red blood cells are unlabeled (Fig. 1C) , presumably because the technique is not sufficiently sensitive to demonstrate the small amount of rDNA in the normal genome. The unlabeled DNA in these nuclei provides a useful built-in control of the specificity of the hybridization reaction.
Attempts were made to hybridize preparations that had not been denatured with alkali. In autoradiographs exposed for one or two weeks, such control preparations showed no detectable radioactivity in any nuclei. However, most control slides showed weak labeling when exposed for periods of one to two months. In these cases the label displayed the same specific localization seen in alkali-denatured slides, namely, over the rDNA of oocytes. These results suggest that a small amount of DNA is denatured during the fixing and squashing steps.
Two additional tests of specificity have been made. Ovary squashes were treated with DNase (0.3 mg/ml in 0.01 M Tris buffer containing 10-3 M MgCl2, pH 7.2, 370C, 3 hr). Some were stained with the Feulgen reaction to assess the removal of DNA, and the remainder were covered with agar and hybridized as usual. The preparations showed no detectable Feulgen stain and they gave negative autoradiographs, an indication of the failure to bind rRNA. Some protein remains in such preparations, since cytological details are visible either by phase contrast microscopy or after staining with fast green at pH 2.
We have found that a large excess of heterologous rRNA has no effect on the hybridization reaction (Table 1) . Hybridizations were carried out with 2 jig/ml of radioactive Xenopus rRNA in the presence of nonradioactive rRNA from Xenopus or Escherichia coli. The E. coli rRNA had no effect on the binding of radioactive Xenopus rRNA, even when present at 800 ,ug/ml. By contrast, nonradioactive Xenopus rRNA reduced the binding to low levels. A small fraction of the radioactivity (8%) was not competed by homologous Xenopus rRNA. We do not know why competition was incomplete, although it should be noted that the radioactive rRNA was derived from cultured kidney cells, whereas the nonradioactive rRNA came from mature ovaries. In order to assess the sensitivity of the hybridization procedure, we exposed preparations for periods up to two months. Our aim was to detect the earliest stages of rDNA amplification, which was thought to begin in leptotene or early pachytene.11 12 In such preparations the mid-and late pachytene nuclei showed total film blackening above the extra DNA. We were surprised to find easily detectable label not only over all leptotene nuclei (Fig. 1B) , but also over most oogonial nuclei (Fig. 1A) . In the leptotene nuclei the label was generally In each case 2 sg/ml of Xenopu8 rRNA-H3 was present during the hybridization step. E. coli rRNA showed no competition even at 800 pg/ml. Unlabeled Xenopus rRNA reduced the binding of radioactive rRNA to about 8% of the control value. The small residual binding was unrelated to the quantity of competing rRNA at the levels used here (50-800 gg/ml). The labeled Xenopua rRNA was from cultured kidney cells, whereas the unlabeled rRNA came from mature ovaries.
localized at the periphery of the nucleus, whereas in the oogonia it was more often found in one or two clusters within the nucleus. The distribution of silver grains parallels the position of the nucleoli in both cases. These results indicate that a low level of rDNA amplification is present in premeiotic nuclei.
We have begun to examine variables affecting the level of hybridization. The NaOH concentration in the denaturing step has been varied from 0.01 to 0.10 N. Concentrations of 0.01-0.02 N have given either no hybridization or only a low level. We presume that this is due to inadequate denaturing during the twominute treatment. Concentrations of 0.05, 0.07, and 0.10 N gave roughly comparable levels of hybridization. However, the morphological disruption in preparations treated with 0.10 N NaGH was often extensive.
We have had some success in replacing the agar with a collodion (nitrocellulose) layer during the denaturing step. The advantage of collodion is that it can be removed by dipping the slide in ethanol-ether (1:1) At this level of sensitivity a single nucleolus organizer would be barely detectable after autoradiographic exposure for several months. For this reason the follicle nuclei in our preparations are negative (Fig. 1C) .
The sensitivity of the hybridization technique can probably be increased by the use of RNA made in mttro. We are now preparing RNA enzymatically, using the Xenopus rDNA satellite as template. If we can increase the specific activity of the RNA by a factor of 10 or 100 over what is now available, we should be able to demonstrate the locus of rDNA in metaphase chromosomes of most higher organisms.
It should be relatively easy to demonstrate the rDNA in the polytene chromosomes of Diptera, which contain several hundred times as much DNA as a metaphase chromosome. Calculations are somewhat less reliable when dealing with other types of RNA. The genes for transfer RNA and for 5S ribosomal RNA can possibly be localized under the favorable conditions afforded by polytene chromosomes. Certain special problems, such as the cytological localization of the mouse satellite DNA14 15 and the integrated form of the SV40 viral DNA16 should be approachable. In the latter case, highly radioactive complementary RNA has already been used effectively in filter hybridization experiments. It is difficult to predict what success may be had with messenger RNA species; hopefully it may be possible to characterize mixtures of messengers from different tissues or from different developmental stages. For such experiments the polytene chromosomes of Diptera offer the best chance of precise cytological localization.
